Background {#section5-2050312118781962}
==========

According to the International Agency for Research on Cancer (IARC), there were 14.1 million new cancer cases, 32.6 million pre-existing cancer patients and 8.2 million deaths worldwide due to cancer in 2012.^[@bibr1-2050312118781962],[@bibr2-2050312118781962]^ The alarming cancer statistics shows that the mortality and morbidity due to cancer remain significant despite advance in therapeutic approaches and will continue to rise, especially in developing countries.^[@bibr2-2050312118781962]^ By 2030, the global cancer burden is expected to nearly double, growing to 21.4 million cases and 13.2 million deaths.^[@bibr3-2050312118781962]^ Chemotherapy remains one of the principal modes of treatment for cancer, despite the non-selective nature of compounds associated with unwanted host tissue damage. Furthermore, cancer drug resistance is often observed partly due to (1) drug efflux, (2) alteration of drug targets, (3) drug inactivation, (4) DNA damage repair and (5) epigenetic effects leading to inhibition of cell death that necessitates the identification of new compounds.^[@bibr4-2050312118781962]^ This contributes to the failure of cancer patients with successful treatment, resulting in a higher number of cancer cases. The current challenges in cancer treatment highlight the importance of identifying novel strategies for cancer therapeutics. The search to identify new compounds with anticancer properties has remained a primary research topic in the modern medicinal chemistry. Among other compounds, Naphthalimides group (growth inhibiting agents that intercalate DNA) have shown promise. Anti-tumour activities of Naphthalimides were enhanced by synthesizing bis-intercalating agents like Naphthalene diimides to improve the interactions with the phosphate groups of DNA, which resulted in anticancer properties against several human cancer cell lines.^[@bibr5-2050312118781962][@bibr6-2050312118781962]--[@bibr7-2050312118781962]^ Other groups of compounds include (1) Benzodioxane derivatives that exhibit a range of activities including anti-tumour, anti-microbial and antioxidant activities;^[@bibr8-2050312118781962][@bibr9-2050312118781962]--[@bibr10-2050312118781962]^ (2) Acetamol derivatives that have been implicated in cytotoxicity and/or apoptosis of host cells,^[@bibr11-2050312118781962]^ albeit they have been used commonly to treat pain and fever,^[@bibr12-2050312118781962],[@bibr13-2050312118781962]^ and (3) Porphyrins that have been used extensively in the context of photodynamic therapy (PDT). The basis of PDT is that the light of appropriate wavelength activates the photosensitising compound, resulting in production of singlet oxygen and other reactive oxygen species (ROS) to induce cell death in the target tissue.^[@bibr14-2050312118781962],[@bibr15-2050312118781962]^ In this study, substituted derivatives of aforementioned groups of compounds (Benzodioxane, Naphthalene diimide, Porphyrin and Aminophenol derivatives) were synthesized. The newly synthesized compounds were examined for their in vitro cytotoxicity as well as anti-proliferative activities against HeLa cells.

Methods {#section6-2050312118781962}
=======

Synthesis and characterization of compounds {#section7-2050312118781962}
-------------------------------------------

*AYNBDO = 5-Nitro-1,3-benzodioxine (C~8~H~7~NO~4~) (* ***2****)*: 5 g (36 mmol) of 3-Nitrophenol (**1**) was melted in a round bottom flask at 120°C with constant stirring followed by the addition of 6 mL 1:1 (v/v) mixture of 37% solution of commercial formaldehyde and 12.6 M concentrated HCl ([Scheme 1](#fig3-2050312118781962){ref-type="fig"}). The reaction mixture was refluxed for 2 h yielding yellow precipitates, while the progress of reaction was monitored with thin layer chromatography (TLC). After completion of reaction, 50 mL of 5 M sodium hydroxide (NaOH) was added in the reaction mixture for quenching. The crude product was extracted with EtOAc (50 mL thrice) and dried at reduced pressure to give pure yellow powdered product **2**. The yield of the product was 3.6 g (55%). Electron ionization--mass spectrometry (EI-MS) *m/z* 181.04. 1H nuclear magnetic resonance (NMR) in CDCl~3~, 7.81 (d, 1H, Ar), 7.29 (t, 1H, Ar), 7.17 (d, 1H, Ar), 5.27 (s, 2H, Ar--C[H~2~]{.ul}--O), 5.22 (s, 2H, O--C[H~2~]{.ul}--O).

![Synthesis of 5-Nitro-1,3-benzodioxine (**2**).](10.1177_2050312118781962-fig3){#fig3-2050312118781962}

*AYNH~2~ = 5-Amino-1,3-benzodioxine (C~8~H~9~NO~2~) (* ***3****)*: Product **2** (1.67 g, 10 mmol) and SnCl~2~ dihydrate (11.275 g, 50 mmol) were dissolved in EtOH in a round bottom flask. The reaction mixture was heated at 70°C with continuous stirring for half hour and the progress of the reaction was monitored with TLC ([Scheme 2](#fig4-2050312118781962){ref-type="fig"}). The reaction was brought to room temperature and then was basified with 5% NaOH aqueous solution to attain neutral pH. Product **3** was achieved as yellow powder after extracting the reaction mixture with EtOAc (50 mL × 3) followed by removal of solvents in vacuum and purification by silica gel column chromatography with gradient elution of 1:1 mixture of Hexane:Dichloromethane (DCM) to pure DCM. The yield of the product was 0.97 g (70%). EI-MS *m/z* 151.0. 1H NMR in CDCl~3~, 6.94 (t, 1H, Ar), 6.33 (d, 1H, Ar), 6.28 (d, 1H, Ar), 5.18 (s, 2H, Ar--C[H~2~]{.ul}--O), 4.71 (s, 2H, O--C[H~2~]{.ul}--O), 3.41 (s, 2H, --NH~2~).

![Synthesis of 5-Amino-1,3-benzodioxine (**3**).](10.1177_2050312118781962-fig4){#fig4-2050312118781962}

*AY80 = N-(4-((dimethylamino)methyl)-3-hydroxyphenyl)acetamide (C~11~H~16~N~2~O~2~) (* ***5****)*: To a solution of 3-Acetaminophenol (**4**) (5 g, 33 mmol) in 40% Dimethyl amine (4.5 g, 40 mmol) and MeOH (4 mL) was added 37% formaldehyde (2.68 g, 33 mmol), and the reaction mixture was placed in an ice bath ([Scheme 3](#fig5-2050312118781962){ref-type="fig"}). After 15 min, the reaction mixture turned into solid precipitates, which were filtered and washed with ice cold water (100 mL). These precipitates were oven dried to obtain pure product **5** as white powder. The yield of the product was 6.2 g (90%). EI-MS *m/z* 208.26. 1H NMR in dimethyl sulfoxide (DMSO), 7.17 (s, 1 H, --NH--), 7.00 (d, 1H, Ar), 6.84 (d, 2H, Ar), 3.57 (s, 2H, Ar--C[H~2~]{.ul}--N), 2.28 (s, 6H, N--C[H~3~]{.ul}), 2.12 (s, 3H, --CO--C[H~3~]{.ul}).

![Synthesis of N-(4-((dimethylamino)methyl)-3-hydroxyphenyl)acetamide (**5**).](10.1177_2050312118781962-fig5){#fig5-2050312118781962}

*AYZHC = 4-amino-2-(hydroxymethyl)phenol (C~7~H~9~NO~2~) (* ***7****)*: 109 mg (1 mmol) of 4-Aminophenol (**6**) was treated with 0.1 mL Formaldehyde and 0.1 mL concentrated HCl with same procedure as compound **2** to afford product **7** as light yellow powder ([Scheme 4](#fig6-2050312118781962){ref-type="fig"}). The yield of the product was 56 mg (40%). EI-MS *m/z* 139.15. 1H NMR in DMSO, 11.09 (s, 1H, OH), 8.19 (appeared as d, 1H, Ar), 7.99 (dd, 1H, Ar), 6.91 (d, 1H, Ar), 4.49 (s, 2H, Ar--C[H~2~]{.ul}--OH).

![Synthesis of 4-amino-2-(hydroxymethyl)phenol (C~7~H~9~NO~2~) (**7**).](10.1177_2050312118781962-fig6){#fig6-2050312118781962}

*AYTHPP = 5,10,15,20-Tetrakis(4-hydroxyphenyl)-21 H,23 H-porphine (C~44~H~30~N~4~O~4~) (* ***10****)*: Compound 10 was synthesized as follows: 50 mL Propionic acid was heated at 90°C in a round bottom flask fitted with water condensor, and a solution of 4-Hydroxybenzaldehyde (**8**) (2 g, 16.37 mmol) dissolved in 2.5 mL propionic acid was added very slowly in hot propionic acid. After continuous heating and constant stirring of the solution at reflux temperature for half an hour, pyrrole (**9**) (1.2 mL, 16.37 mmol) solution in 2.5 mL propionic acid was added in the above-mentioned reaction mixture dropwise for half an hour. The reaction was refluxed and monitored with TLC ([Scheme 5](#fig7-2050312118781962){ref-type="fig"}). After completion (about 2 h), the reaction mixture was cooled to room temperature followed by addition of 50 mL of 2.5 M NaOH for quenching. Crude products containing a mixture of different oligomers and tar were obtained by solvent extraction with EtOAc (50 mL × 3) and evaporating the EtOAc at reduced pressure. Compound **10** was purified from the crude product through silica gel column chromatography by using EtOAc and Hexane as mobile phase (3:1 to pure EtOAc). The yield of pure product was 1.1 g (10%). EI-MS *m/z* 678.1. 1H NMR in DMSO, 9.94 (s, 4H, OH), 8.85 (s, 8H, pyrrole), 7.97 (d, 8H, Ar), 7.18 (d, 8H, Ar).

![Synthesis of 5,10,15,20-Tetrakis(4-hydroxyphenyl)-21H,23H-porphine (**10**).](10.1177_2050312118781962-fig7){#fig7-2050312118781962}

*AYTPyP = 5,10,15,20-Tetra(4-pyridyl)-21H,23H-porphine (C~40~H~26~N~8~) (* ***12****)*: Compound 12 was synthesized with same procedure as compound **10** at 18.6 mmol amount level, with minor variation in the workup of reaction mixture ([Scheme 6](#fig8-2050312118781962){ref-type="fig"}). After completion of reaction (45 min), the reaction mixture was poured into a beaker containing 75 mL 10% sodium acetate aqueous solution to approximately attain the pH 3. The reaction mixture was precipitated at cooling to give crude product **12**, which was filtered and washed with ice cold water (100 mL) and oven dried. Finally, it was passed through silica gel column chromatography with DCM as mobile phase for purification. The yield of the product was 0.9 g (8%). ESI-MS 619.22. 1H NMR in CDCl~3~, 9.03 (d, 8H, Ar), 8.85 (s, 8H, pyrrole), 8.13 (d, 8H, Ar).

![Synthesis of 5,10,15,20-Tetra(4-pyridyl)-21 H,23 H-porphine (**12**).](10.1177_2050312118781962-fig8){#fig8-2050312118781962}

AY102, 103 and 127 all were synthesized with similar procedure as given in the following.

*102 = N,N″-Di-(3′-methylthio phenyl)-1,4,5,8-naphthalene diimide (C~28~H~18~N~2~O~4~S~2~) (* ***15****)*: Naphthalene dianhydride (**13**) (268 mg, 1 mmol) is suspended in 13 mL acetic acid at 140°C for 1 h in a round bottom flask. 3-Mehtylthioaniline (**14**) (1.2 mL, 10 mmol) is added in above suspension, and the reaction mixture is refluxed for 5 h ([Scheme 7](#fig9-2050312118781962){ref-type="fig"}). Progress of the reaction is checked with TLC, and after completion, the reaction mixture is concentrated to 3 mL solution. This solution is poured into a beaker containing 13 mL MeOH to give precipitates of crude product **15**. The precipitates are filtered, dried and recrystallized with 50 mL acetic acid to give pure compound **15**. The yield of the product was 505 mg (99%). EI-MS 509.9. 1H NMR in CDCl~3~, 8.829 (s, 4H, Ar-naphth.), 7.45 (t, 2H, Ar), 7.37 (d, 2H, Ar), 7.18 (s, 2H, Ar), 7.07 (d, 2H, Ar).

![Synthesis of N,N″-Di-(3′-methylthio phenyl)-1,4,5,8-naphthalene diimide (**15**).](10.1177_2050312118781962-fig9){#fig9-2050312118781962}

*103 = N,N″-Di-(4,4′-phenyl disulfide)-1,4,5,8-naphthalene diimide (C~26~H~12~N~2~O~4~S~2~) (* ***17****)*: The yield of the product was 60%. EI-MS 480.5. 1H NMR in CDCl~3~, 7.66 (d, 4H, Ar), 7.54 (d, 4H, Ar), 7.41 (s, 4H, Ar-naphth.).

![Synthesis of N,N″-Di-(4,4′-phenyl disulfide)-1,4,5,8-naphthalene diimide (**17**).](10.1177_2050312118781962-fig10){#fig10-2050312118781962}

*127 = N,N″-Di-(propargyl)-1,4,5,8-naphthalene diimide (C~20~H~10~N~2~O~4~) (* ***19****)*: The yield of the product was 99%. EI-MS 342.0. 1H NMR in DMSO, 8.72 (s, 4H, Ar-naphth.), 4.80 (s, 4H, -N-C[H~2~]{.ul}), 3.20 (s, 2H, alkyne).

![Synthesis of N,N″-Di-(propargyl)-1,4,5,8-naphthalenediimide (**19**).](10.1177_2050312118781962-fig11){#fig11-2050312118781962}

*HeLa (Henrietta Lacks) cell lines and culture conditions.* HeLa cervical cancer cells were obtained from ATCC (ATCC^®^ CCL-2™, Singapore) and cultured in RPMI-1640 supplemented with 10% foetal bovine serum, 1% [l]{.smallcaps}-glutamine, 1% minimal essential media non-essential amino acid (MEM NEAA) and 1% Penicillin--Streptomycin (Life Technologies, USA). The cells were maintained in a 5% CO~2~ incubator at 37°C. For cytotoxicity assays, HeLa cells were cultured in 24-well plates by inoculating 5 × 105 cells per well per millilitre and incubating at 37°C in a 5% CO~2~ incubator, which resulted in the formation of complete monolayers within 48 h.

Cytotoxicity assay {#section8-2050312118781962}
------------------

Cytotoxicity assays were accomplished as previously described.^[@bibr16-2050312118781962],[@bibr17-2050312118781962]^ Briefly, AY series compounds were incubated with confluent HeLa monolayers in RPMI-1640. Plates were incubated at 37°C for 24 h in a 5% CO~2~ incubator and observed for cytotoxic effects. At the end of this incubation period, supernatants were collected and cytotoxicity was detected through measuring lactate dehydrogenase (LDH) release (Cytotoxicity Detection kit; Roche Diagnostics, Indianapolis, IN, USA). Briefly, conditioned media of the cultures were collected and cytotoxicity detected as follows: % cytotoxicity = (sample value -- control value)/total LDH release -- control value) × 100. Control values were obtained from host cells incubated in RPMI-1640 alone. Total LDH release was determined from HeLa treated with 0.1% Triton X-100 for 30 min at 37°C. The basis of this assay is that cell supernatant containing LDH catalyzes the conversion of lactate to pyruvate, generating NADH and H+. In the second step, the catalyst (diaphorase, solution from kit) transfers H and H+ from NADH and H+ to the tetrazolium salt p-iodo-nitrotetrazolium violet (INT), which is reduced to formazon (dye), and absorbance is read at 492 nm.

Growth inhibition assays {#section9-2050312118781962}
------------------------

Growth inhibition assays were performed to determine the effects of AY series compounds on HeLa cell growth inhibition. Briefly, HeLa cells were grown to 50% confluency in 96-well plates as described above. The AY series compounds were added to 50% confluent monolayers of HeLa cells. Plates were incubated for 24 h at 37°C in a 5% CO~2~ incubator and observed for growth inhibitory effects. Following this incubation, the number of viable HeLa cells were determined by adding 0.4% Trypan blue (Merck Millipore, Germany) exclusion staining (cells stained blue were considered nonviable while live cells were unstained). The numbers of HeLa cells were enumerated by haemocytometer counting.^[@bibr18-2050312118781962]^

Results {#section10-2050312118781962}
=======

Synthesis of compounds belonging to Benzodioxane, Naphthalene diimide, Aminophenol derivatives and Porphyrin class {#section11-2050312118781962}
------------------------------------------------------------------------------------------------------------------

In total, nine compounds were synthesized in this study. Two compounds belonged to the Benzodioxane class, namely, AYNBDO and AYNH~2~, with molecular weights of 181.15 and 151.16, respectively. The compound AYNH~2~ was linearly synthesized from AYNBDO by simple reduction of nitro functionality into amino group. Both of these compounds were soluble in chloroform and were characterized by EI-MS and 1H NMR spectroscopies, which also suggest the purity of the products. The Aminophenol class included two compounds, AY80 and AYZHC with molecular weights of 208.26 and 139.15, respectively, confirmed by EI-MS and also found to be soluble in chloroform. Their 1H NMR also provided the evident measure of product purity and compound structures. Compound AY80 was obtained by the Mannich reaction of metacetamol with Formaldehyde and Dimethyl amine to afford the Mannich base (AY80). However, AYZHC was rather an unusual product of the similar reaction as employed for the synthesis of compound 2 in [Scheme 1](#fig3-2050312118781962){ref-type="fig"}, but the 1H NMR analysis confirmed the formation of the product as depicted in [Scheme 4](#fig6-2050312118781962){ref-type="fig"}. Since the Nitro and Amino groups are inversely electron conjugation groups to each other, and furthermore, the change in the position of these groups in both compounds suggests the different outcomes, and the reaction in [Scheme 4](#fig6-2050312118781962){ref-type="fig"} is considered as more plausible than the ring closure as for compound 2 in [Scheme 1](#fig3-2050312118781962){ref-type="fig"}. Two compounds belonged to the Porphyrin class: AYTHPP and AYTPyP with molecular weights of 678.73 and 618.69 confirmed by EI-MS and electrospray ionization (ESI)-MS, respectively. Both of these compounds were soluble in methanol and found to be stable and pure as suggested by 1H NMR. These two compounds are also commercially available, but their stability and cost are of major concern. Therefore, a simple and efficient synthetic procedure for the cyclic condensation of respective aldehyde and Pyrrole was adapted to produce these porphyrinic compounds in our own laboratory. The remaining three compounds belonged to the Naphthalene diimide class and included AY102, AY103 (molecular weights of 510.58 and 480.51, respectively) and AY127 with molecular weight of 342.30. These compounds were synthesized by identical reaction methodologies by altering the Amino analogues. The molecular weight determination for these compounds was carried out by EI-MS, while 1H NMR analysis confirmed their structure as well as the purity. Among these, AY102 and AY103 were solubilized in chloroform, while AY127 was found to be solubilized in DMSO only due to its highly nonpolar structure. A complete list of compounds synthesized in this study together with their molecular structure, molecular weight, class of compounds and their solubilities is indicated in [Table 1](#table1-2050312118781962){ref-type="table"}.

###### 

List of compounds synthesized in this study.

![](10.1177_2050312118781962-table1)

  ------------------------------------------------------------------------------------------------------------------------
  Name     Class of compounds     Structures                               Solvent      Purity checked on the basis of
  -------- ---------------------- ---------------------------------------- ------------ ----------------------------------
  AYNBDO   Benzodioxane           ![](10.1177_2050312118781962-img1.jpg)   Chloroform   Thin layer chromatography (TLC)\
                                                                                        Nuclear magnetic resonance (NMR)

  AYNH2    Benzodioxane           ![](10.1177_2050312118781962-img2.jpg)   Chloroform   --

  AY80     Acetamol derivatives   ![](10.1177_2050312118781962-img3.jpg)   Chloroform   --

  AYZHC    Acetamol derivatives   ![](10.1177_2050312118781962-img4.jpg)   Chloroform   --

  AYTHPP   Porphyrin              ![](10.1177_2050312118781962-img5.jpg)   Methanol     --

  AYTPyP   Porphyrin              ![](10.1177_2050312118781962-img6.jpg)   Methanol     --

  AY102    Naphthalene diimide    ![](10.1177_2050312118781962-img7.jpg)   Chloroform   --

  AY103    Naphthalene diimide    ![](10.1177_2050312118781962-img8.jpg)   Chloroform   --

  AY127    Naphthalene diimide    ![](10.1177_2050312118781962-img9.jpg)   DMSO         --
  ------------------------------------------------------------------------------------------------------------------------

DMSO: dimethyl sulfoxide; MW: molecular weight.

Naphthalene diimide (AY103) and Aminophenol derivatives (AYZHC) show significant cytotoxicity against HeLa cells {#section12-2050312118781962}
----------------------------------------------------------------------------------------------------------------

To ascertain the cytotoxic effects of AY series compounds on HeLa cells, cytotoxicity assays were performed by incubating HeLa cells in the presence or absence of various concentrations of AY series compounds (100 µM) or respective solvents. At 100 µM, Aminophenol derivative (AYZHC) caused significant cytotoxic effects on HeLa cells (60%) compared with the solvent control (p \> 0.05 using independent T test, two-tailed distribution; [Table 2](#table2-2050312118781962){ref-type="table"} and [Figure 1(a)](#fig1-2050312118781962){ref-type="fig"}). Similarly, Porphyrin (AYTHPP) and Naphthalene diimide (AY103) showed cytotoxic effects against HeLa cells ([Table 2](#table2-2050312118781962){ref-type="table"} and [Figure 1(a)](#fig1-2050312118781962){ref-type="fig"}). However, the other Aminophenol derivatives (AY80), Naphthalene diimide (AY102, AY127), Benzodioxane (AYNH~2~, AYNBDO) and Porphyrin (AYTPyP) did not have significant cytotoxic effects on HeLa cells when compared with their respective solvents alone (p \> 0.05 using independent T test, two-tailed distribution; [Table 2](#table2-2050312118781962){ref-type="table"}, [Figure 1(a)](#fig1-2050312118781962){ref-type="fig"} and [(b)](#fig1-2050312118781962){ref-type="fig"}).

###### 

Cytotoxic efficacy of Benzodioxane, Naphthalene diimide, Porphyrin and Acetamol derivatives against HeLa cells.

![](10.1177_2050312118781962-table2)

  Solvent             Compound   Cytotoxicity (%)
  ------------------- ---------- ------------------
  Chloroform (2 µL)   AYNBDO     0
  AYNH2               0          
  AY80                0          
  AYZHC               60 ± 6.7   
  AY102               0          
  AY103               45 ± 3.2   
  Methanol (2 µL)     AYTHPP     41 ± 6.7
  AYTPyP              0          
  DMSO (2 µL)         AY127      0

The results represent the mean ± standard error of three different experiments performed in duplicates.

![Representative cytotoxic effects of compounds on HeLa cells. (a) The cytotoxic efficacy of Aminophenol derivatives (AYZHC, AY80), Benzodioxane (AYNBDO, AYNH2) and Porphyrin (AYTHPP, AYTPyP). Briefly, HeLa cells (passage 43--46) were incubated with the respective drugs at 100 µM of concentration 37°C for 24 h and their respective solvent. Note that only Aminophenol derivatives (AYZHC) and Porphyrin (AYTHPP) exhibited cytotoxicity against HeLa cells as compared to the control (X250). (b) HeLa cells were incubated with 100 µM of Naphthalene diimide (AY102, AY103 and AY127) as well as their respective solvents and incubated at 37°C for 24 h. Note that only Naphthalene diimide (AY103) showed significant cytotoxicity against HeLa cells as compared to the solvent control (250×).](10.1177_2050312118781962-fig1){#fig1-2050312118781962}

Benzodioxane (AYNBDO), Naphthalene Diimide (AY102, AY103), Aminophenol derivatives (AYZHC) and Porphyrin (AYTHPP, AYTPyP) inhibit HeLa cell growth {#section13-2050312118781962}
--------------------------------------------------------------------------------------------------------------------------------------------------

Growth inhibition assays were performed to determine the effects of AY series compounds on HeLa cell growth inhibition. When 50% semi-confluent monolayers of HeLa were incubated with RPMI, the number of viable cells increased from 1.11 × 105 ± 2.00 × 103 to 2.033 × 105 ± 2.51 × 103. In contrast, HeLa monolayers incubated with Benzodioxane (AYNBDO) exhibited significant growth inhibition effects at concentration of 100 µM exhibiting reduced number of cells, that is, the number of cells remained at 1.14 × 105 ± 1.15 × 103, respectively ([Figure 2(a)](#fig2-2050312118781962){ref-type="fig"} and [(b)](#fig2-2050312118781962){ref-type="fig"}). Moreover, for Naphthalene diimide (AY103), potent growth inhibition of HeLa cell was observed, that is, no cell growth at concentration of 100 µM ([Figure 2(c)](#fig2-2050312118781962){ref-type="fig"} and [(d)](#fig2-2050312118781962){ref-type="fig"}). For Naphthalene diimide (AY127), the number of cells was reduced to 9.23 × 104 at 100 µM concentration ([Figure 2(c)](#fig2-2050312118781962){ref-type="fig"} and [(d)](#fig2-2050312118781962){ref-type="fig"}). For Porphyrin (AYTHPP) at the concentration of 100 µM, the growth of HeLa cells was abolished ([Figure 2(a)](#fig2-2050312118781962){ref-type="fig"} and [(b)](#fig2-2050312118781962){ref-type="fig"}). In contrast, for Porphyrin (AYTPyP), the number of viable cells was inhibited moderately from 2.00 × 105 ± 4.93 × 103 in solvent control to 1.13 × 105 ± 4.04 × 103 (p \< 0.05 using independent T test, two-tailed distribution; [Figure 2(a)](#fig2-2050312118781962){ref-type="fig"} and [(b)](#fig2-2050312118781962){ref-type="fig"}). Conversely, for Naphthalene diimide (AY127), there was no significant effect on the growth inhibition at 100 µM, when compared to the solvent control of DMSO (p \< 0.05 using independent T test, two-tailed distribution; [Figure 2(c)](#fig2-2050312118781962){ref-type="fig"} and [(d)](#fig2-2050312118781962){ref-type="fig"}). Next, minimum inhibitory concentration 50 (MIC50) of effective compounds was determined. The findings revealed that Benzodioxane compound (AYNBDO), Aminophenol derivatives (AY80; AYZHC), Porphyrin (AYTyPP) and Naphthalene diimide (AY102) showed MIC50 at 100 µM. In contrast, Porphyrin (AYTHPP) and Naphthalene diimide (AY103) showed MIC50 at 50 µM.

![Growth inhibitory effects of compounds on HeLa cells. (a) The growth inhibition effects of Aminophenol derivatives (AYZHC, AY80), Benzodioxane (AYNBDO, AYNH2) and Porphyrin (AYTHPP, AYTPyP). Briefly, semi-confluent HeLa cells (passage 49--52) were incubated with the respective drugs or their respective solvent controls at 100 µM of concentration 37°C for 24 h as described in Materials and Methods. Next day, viable cells were counted using Trypan blue exclusion assay. Note that only Benzodioxane (AYNBDO), Aminophenol derivatives (AYZHC) and Porphyrin (AYTHPP, AYTPyP) exhibited significant anti-proliferation effects against HeLa cells in a concentration-dependent manner (p \< 0.05 using independent T test, two-tailed distribution). The results represent the mean ± standard error of three different experiments performed in duplicates. (b) Following incubation with drugs indicated in (a), cells were visualized under an inverted microscope and images captures. X250. (c) HeLa cells were incubated with 100 µM of Naphthalene diimide (AY102, AY103 and AY127) as well as their respective solvents and incubated at 37°C for 24 h. Next day, viable cells were counted using Trypan Blue exclusion assay. Interestingly, Naphthalene diimide (AY102, AY103 and AY127) demonstrated significant growth inhibitory effects against HeLa cells as compared to the solvent control (p \< 0.001 using independent T test, two-tailed distribution). The results represent the mean ± standard error of three different experiments performed in duplicates. (d) Following incubation with drugs indicated in (b), cells were visualized under an inverted microscope and images captures (250×).](10.1177_2050312118781962-fig2){#fig2-2050312118781962}

Discussion {#section14-2050312118781962}
==========

In this study, several Naphthalene diimide derivatives were tested, but only AY103 showed HeLa cell toxicity. However, when tested for anti-proliferative activity, both AY102 and AY103 but not AY124 and AY127 showed growth inhibitory effects suggesting their potential therapeutic value. Although the molecules reported here are novel, this is consistent with previous studies which showed that other Naphthalene diimide derivatives are promising candidates in the treatment of cancer.^[@bibr5-2050312118781962],[@bibr19-2050312118781962]^ The mode of action of their anti-proliferative activity was attributed to four pathways including (1) DNA damage response and senescence subsequent to telomere uncapping, (2) suppression of oncogenes, (3) mitotic inhibition and apoptosis and (4) chromosomal instability through telomere aggregation or via synergistic effects of aforementioned pathways. By modifying their synthesis to enhance the interactions with the phosphate groups of DNA^[@bibr6-2050312118781962]^ and combining structural components of anticancer molecules into a single molecule can potentially target different cancer cell lines. Among various molecules tested, AN169 showed anticancer activity against 60 human cancer cell lines. It was characterized by a side chain length of three methylene units and by two 2,3,4-trimethoxy benzyl groups.^[@bibr7-2050312118781962]^ These studies suggested that Naphthalene diimide derivatives may be used in combination therapy together with other anticancer agents such as anti-mitotic agents to counter tumour growth or to impede occurrence of cancer resistance.

Among Aminophenol derivatives tested in this study, AYZHC but not AY80 showed cytotoxic effects. AYZHC proved to be an outstanding derivative because of its remarkable in vitro cytotoxic activity. When tested for anti-proliferative activity, Aminophenol derivatives AYZHC but not AY80 showed significant inhibition of HeLa cells growth. Overall, AYZHC showed both anti-proliferative as well as cytotoxic effects against HeLa cells. The molecular mechanisms associated with Aminophenol derivative--mediated cytotoxicity have been reported as binding to thiol groups of cellular proteins and/or due to oxidative stress via production of ROS that leads to apoptosis^[@bibr20-2050312118781962]^ or via chromosomal damage at high concentrations^[@bibr21-2050312118781962]^ through inhibition of ribonucleotide reductase,^[@bibr22-2050312118781962]^ increase in cytosolic and intranuclear calcium levels,^[@bibr23-2050312118781962]^ glutathione depletion^[@bibr11-2050312118781962]^ or inhibition of cyclooxygenase (COX-2).^[@bibr24-2050312118781962]^ Other studies suggested that oxidative stress leads to lipid peroxidation which in turn leads to changes in the intracellular adenine nucleotide and calcium homeostasis. Although increase in intracellular calcium can lead to apoptosis via endonuclease activation and DNA fragmentation, collectively all processes aforementioned can lead to cytotoxicity. This is consistent with the findings that high concentration of Acetamol leads to increased cytotoxicity dependent on intracellular calcium increase.^[@bibr25-2050312118781962]^ Importantly, Acetamol derivatives does not induce gene mutations in bacteria or mammalian cells,^[@bibr11-2050312118781962]^ suggesting their potential value for further investigations. Notably, neither of the Benzodioxine derivatives used in this study (AYNBDO and AYNH2) showed any cytotoxic effects. In contrast, Benzodioxine derivative, AYNBDO, exhibited anti-proliferative activities. Although Benzodioxine derivatives used in the present had limited effects against HeLa cells, they do possess a desirable synthetic targets in versatile reactions to provide the 1,4-benzodioxine scaffold. Their structures provide a number of synthetic routes, and how different groups approach these targets can be employed for the synthesis of effective molecules in the future studies.

Porphyrins derivatives are widely used as photosensitizers (PSs) for PDT against cancer.^[@bibr26-2050312118781962]^ With targeted therapy and reduced toxicity, Porphyrin derivatives are promising agents in PDT against cancer.^[@bibr27-2050312118781962]^ Among Porphyrin derivatives tested in this study, AYTHPP but not AYTPyP exhibited cytotoxic effects against HeLa cells. However, when tested for anti-proliferative activity, both Porphyrin derivatives, AYTHPP and AYTPyP, exhibited growth inhibitory effects against HeLa cells suggesting their potential anticancer properties. Although these findings are significant and showed the effects of several novel compounds on cell growth as well as LDH release, a marker of cell damage, future studies are needed to dissect molecular mechanisms associated with cell damage and also effects on several cell lines. In addition, several cancer cell lines need to be tested to validate these findings as well as in vivo studies to establish translational value of these findings.

Conclusion {#section15-2050312118781962}
==========

In conclusion, among different classes of compounds synthesized and tested in this study, including Benzodioxane, Naphthalene diimide, Porphyrin and Aminophenol derivatives, several agents were identified with anti-proliferative and cytotoxic effects against HeLa cells. In addition to the synthesis of additional derivatives, future studies will determine the effects of these agents against a variety of cancer cell lines and determine the structure--activity relationship and the precise mode of action at the molecular level to establish their translational value.
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